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-Irradiation modulates vascular smooth muscle
cell and extracellular matrix function: Implications
for neointimal development
Joerg Heckenkamp, MD, Giuseppe R. Nigri, MD, Peter R. Waterman, BS, Marcus Overhaus, MD,
Sylvie C. Kossodo, PhD, and Glenn M. LaMuraglia, MD, Boston, Mass
Objective: Migration of vascular smooth muscle cells (SMCs) into the subintimal space, and their proliferation and
resultant deposition of extracellular matrix are key processes in the development of intimal hyperplasia, leading to
vascular recurrent stenosis. The purpose of this study was to investigate the effects of clinically administered doses of
-radiation on SMCs and extracellular matrix proteins in vitro, to better understand how it impinges on cellular and
extracellular components of recurrent stenosis.
Methods: The effects of -irradiation (10, 20 Gy) on SMC migration into three-dimensional collagen matrix gels was
quantitated by calibrated light microscopy, and the release of metalloproteinases into conditioned media was investigated
with an enzyme-linked immunosorbent assay and zymography. Collagen production was assayed with [3H]-proline
incorporation, and SMC phenotype changes with confocal microscopy with a fluorescent -actin antibody. The effect of
-irradiation on extracellular matrix was investigated by quantitating untreated SMC proliferation (3H-thymidine
incorporation) on irradiated endothelial cell–derived matrix and by assessing structural collagen matrix changes with
sodium dodecylsulfate polyacrylamide gel electrophoresis. All groups were compared with nonirradiated control groups.
Results: SMC vertical migration was significantly decreased by -irradiation (48% and 55%, respectively; P < .0001).
Irradiation did not generate measurable matrix protein crosslinks, nor did it alter the production of metalloproteinases
or collagen synthesis. However, -irradiation decreased the ability of extracellular matrix to induce nonirradiated SMC
proliferation (15% reduction; P .0028). Moreover, -irradiation reversed the secretory phenotype of cultured SMCs to
a contractile type.
Conclusions: The -irradiation–induced reduction of cellular migration, changes in SMC phenotype, and functional
activity of matrix-bound factors, and no measurable effects on the production of extracellular matrix proteins, may in part
explain the diverse effects of -irradiation on the restenotic response. (J Vasc Surg 2004;39:1097-1103.)
Clinical Relevance. -Irradiation has found clinical application in the prevention of vascular recurrent stenosis. Although
short-term results indicate reduction of recurrent stenosis, late results are not so promising. This in vitro study
interrogated the biologic effects of -irradiation on vascular smooth muscle cells (SMCs) and their extracellular matrix,
to enable understanding of how it affects recurrent stenosis. The results are mixed: -irradiation does not inhibit protein
synthesis, but does inhibit SMC three-dimensional migration, enhances SMC transformation to a contractile phenotype,
and reduces the functional activity of matrix-associated growth factors. This provides insight into how -irradiation alters
the biologic response of arteries after intervention.Vascular recurrent stenosis is a post-interventional mul-
tifactorial process that involves the migration of smooth
muscle cells (SMCs) and myofibroblasts into the subintimal
space, and their proliferation and deposition of extracellular
matrix proteins.1,2 Recurrent stenosis remains the major
drawback to cardiovascular interventions, and therefore
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doi:10.1016/j.jvs.2003.12.021methods to prevent its development continue to receive
much attention. Among these, adjuvant -irradiation at the
time of procedure is a potentially promising option for
inhibiting the recurrence of stenosis.3-6 In a clinical trial
post-angioplasty recurrent stenosis (50% at 12-month
follow-up) was significantly lower in patients who received
catheter-based -irradiation (17%) compared with the pla-
cebo group (54%).4 -Radiation therapy after percutaneous
transluminal coronary angioplasty was also found to de-
crease late luminal loss at 2-year follow-up.3
Consistent with the view that ionizing radiation causes
cell growth inhibition,7 it was reasoned that -irradiation
would hinder the development of neointimal thickening,
and experimental studies confirmed this premise.8-10 Stud-
ies attempting to dissect the mechanisms by which -irra-
diation decreases intimal hyperplasia show that it inhibits
myofibroblast and SMC proliferation.11-14 Shortly after
irradiation with doses ranging from 2 to 30 Gy there is
transitory growth arrest, followed by a nonlinear dose-1097
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therapy.14 There is no evidence of apoptosis in irradiated
SMCs, although cells exhibit clonogenic cell death.11,13
Recent studies have reported long-term adverse conse-
quences, such as accelerated vascular disease, thrombosis,
or aneurysm formation, after -irradiation, bringing into
question its long-term clinical efficacy.15,16 Indeed, al-
though intracoronary -irradiation significantly lowered
the rates of clinical and angiographic recurrent stenosis, it
was also associated with a higher rate of late thrombosis,
resulting in increased risk for delayed myocardial infarc-
tion.17 More aggressive anticoagulatory post-interven-
tional regimens seem to help overcome these limitations.
However, several questions pertaining to the cellular and
matrix effects of -irradiation need to be addressed.
Although in vitro studies do not entirely reflect the
complexity of neointimal proliferation in vivo, they can
provide useful information on the response of SMCs and
extracellular matrix to conventional -irradiation. The pur-
pose of this study was to examine the effect of -irradiation,
at clinically relevant doses, on various processes pertinent to
neointimal development, such as cellular migration, extra-
cellular matrix changes, production of matrix metallopro-
teinases and collagen, and cellular phenotype.
METHODS
Cell culture. Primary cultures of bovine aortic SMCs
and endothelial cells (ECs) were obtained from aortas of
slaughtered calves. SMCs were isolated from strips of aortic
media, and ECs were isolated by scraping the intimal
surface and dispersing the cells in 0.1% collagenase solu-
tion. Cellular identity was confirmed with indirect immu-
nofluorescence with an anti- smooth muscle actin anti-
body for SMCs (Sigma, St Louis, Mo) and acetylated
low-density lipoprotein (LDL) for ECs (Biomedical Re-
search Technologies, Stoughton, Mass). Cells were cul-
tured in Dulbecco modified Eagle medium (DMEM) sup-
plemented with 10% calf serum, 100 U/mL of penicillin,
100 g/mL of streptomycin, and 0.6 mol/L of L-glu-
tamine (Gibco, Grand Island, NY). Cells from passages 2
through 6 were used for all experiments.
Collagen matrix gels. Three-dimensional collagen
matrices were prepared by mixing a collagen type I/III
solution (0.5 mg/mL final concentration, Vitrogen 100;
Collagen Corp, Palo Alto, Calif) with DMEM and calf
serum (10% final concentration) on ice. Gel solutions were
incubated in 24-well plates (1 mL per well) at 37°C over-
night to allow polymerization.
-Irradiation. Irradiation was performed with a ce-
sium 137 Mark I Irradiator (J. L. Shepard & Associates, San
Fernando, Calif) with an average homogenous application
of 2.54 Gy/min and clinically relevant doses of 10 and 20
Gy. These radiation parameters were used in all conditions.
Vertical cellular migration. SMC migration was as-
sessed after seeding 1  104 cells/cm2 onto the collagen
matrix gels and irradiating the SMC-matrix setup 24 hours
later. In certain control experiments nonirradiated cells
were seeded on irradiated collagen matrix gels. SMC mi-gration was determined 3 days later in a blinded fashion by
counting and averaging cells in five random fields per gel on
the surface (“surface”) and five random fields at defined
depths between 10 and 200 m within the gel (“migrat-
ing”), with calibrated contrast phase microscopy at 100
magnification (Zeiss IM35, Germany). A total number of
10 gels per condition were analyzed. Irradiation arrests cell
growth, and this lowers the total number of cells in the
setup. Therefore, to perform the statistical analyses cell
numbers on the surface were normalized to the total num-
ber of cells. The number of migrating cells was normalized
to the cell number on the surface.
Electrophoresis of matrix gel. To assess whether
-irradiation generates protein crosslinks, matrix gel solu-
tions were prepared as described above and used without
gelation. Control and irradiated (10, 20 Gy) matrix gel
solution (20 l) was run on 5% sodium dodecylsulfate
polyacrylamide gel electrophoresis (SDS-PAGE) under de-
naturing conditions for 2 hours at 40 mA, stained with
Coomassie blue, and destained to achieve proper contrast,
with standard procedures.
Preparation of extracellular matrix. EC-derived ex-
tracellular matrix (ECM) was prepared by seeding ECs at a
density of 1.5  105 on 12-well plates, maintaining con-
fluence for 6 to 8 days, and removing the cells with 0.5%
Triton X-100 (Sigma) and 20 mmol/L of NH4OH in
phosphate-buffered saline solution (PBS) for 30 minutes.
After rinsing with PBS, the ECM, with intact associated
growth factors,18 was covered with PBS and stored at 4°C
until used for experiments.
Cellular proliferation assay. The effect of -irradia-
tion on ECM-induced SMC proliferation was assessed with
a mitogenesis assay based on cellular [3H]-thymidine incor-
poration. Untreated SMCs were seeded at a density of 2
105 cells in 0.5% calf serum on plates without ECM (neg-
ative control) or plates coated with nonirradiated ECMs
(positive control) or irradiated ECMs. Serum-poor me-
dium (0.5% calf serum) was used to ensure that the cells
were not subject to serum constituents that might elicit
cellular proliferation. After 24 hours of incubation at 37°C,
cells were pulsed for an additional 5 hours with 2.5 Ci of
[3H]-thymidine. After incubation, the cell layer was
washed, dissolved in 0.5N NaOH, and supplemented with
2.0 mL of liquid scintillation cocktail (Beckman Instru-
ments, Fullerton, Calif), and radioactivity was determined
with an automatic scintillation counter (Beckman LS
3801). The resulting data, expressed as counts per minute,
were corrected to cell number, which was determined
beforehand by counting six random microscopic fields per
well under a phase-contrast microscope (Zeiss IM35).
Matrix metalloproteinase assays. SMCs (2  105
cells/mL) were irradiated, and matrix metalloproteinase
(MMP) levels were determined in the conditioned media 3
days later. Medium was replaced with DMEM/0.5% calf
serum 24 hours before, to avoid high background MMP
levels present in the calf serum. MMP concentrations were
determined by extrapolation to a human MMP-1 standard,
and corrected for cell number in all experiments. While no
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viously,19 the two-site enzyme-linked immunosorbent as-
say (ELISA) “sandwich” assay (MMP-1; Calbiochem, Lit-
tle Chalfont, England) detects bovine MMP-1. Because the
ELISA used detects total MMP-1, including pro-MMP-1,
active MMP-1, and MMP complexed with inhibitors such
as tissue inhibitor of metalloproteinases (TIMP-1), a func-
tional fluorescent collagenase assay measuring MMP-1 ac-
tivity was also used (EnzCheck Collagenase Assay Kit;
Molecular Probes, Eugene, Ore). Pro-MMP-2 and active
MMP-2 and MMP-9 levels were determined with gelatin
zymography with an 8% SDS-PAGE in which 0.15% por-
cine skin gelatin (Sigma) was incorporated, following stan-
dard techniques.
3H-Proline incorporation. Newly synthesized colla-
gen was estimated by incorporation of 3H-proline into
insoluble cell protein, largely collagen. Ten Ci/ml of
L-[3H]-proline (80 Ci/mmol; DuPont NEN, Boston,
Mass) and 50  g/ml of L-ascorbic acid (Sigma) were
added to irradiated and nonirradiated SMCs (2.5  104
cells/cm2, DMEM 10% calf serum) for 24 hours, 1 and 7
days after irradiation. Cells were dissolved in 500 L of 1N
NaOH, followed by 10 L of bovine serum albumin (10%
final concentration), added as a carrier, and 100 L of
trichloroacetic acid, added to remove nonincorporated ra-
dioactive amino acids by precipitating proteins. Finally, 500
L of 1N NaOH was added to the pellets for 1 hour at
50°C, followed by the addition of 500 L of 1N hydro-
chloride to neutralize the solution. Liquid scintillation
cocktail (3 mL; National Diagnostics, Manville, NJ) was
added, and radioactivity was determined with a scintillation
Fig 1. Bar graph shows the effect of -irradiation (10, 2
matrix gels, quantified with calibrated phase-contrast
migrating into the gel compared with cells on the surface
random fields at defined depths between 10 and 200 m
per condition were analyzed. Data are expressed as mean
control group vs -irradiation. **P  .0001 betwee
-irradiation.counter. Data are presented as the number of counts per
minute, and were normalized to the number of cells in each
well (n  6 per condition at 1 day, n  8 per condition at
7 days).
Confocal microscopy of SMCs. To study the effects
of -irradiation on the SMC phenotype, 1 105 cells were
seeded onto multichamber tissue culture slides (Fisher Sci-
entific, Pittsburgh, Pa). After allowing 2 hours for cellular
attachment, fresh medium was added, and the cells were
sham-irradiated or exposed to 10 or 20 Gy. One and 72
hours later, cells were fixed in methanol at 20°C for 5
minutes and incubated with a fluorescein isothiocyanate–
conjugated anti- smooth muscle actin antibody (Sigma).
Nuclei were stained with propidium iodide (0.1 mg/mL;
Molecular Probes). Cells were examined with a Leica laser
scanning fluorescence confocal microscope (Leica TCS;
Leitz, Germany). The fluorescein isothiocyanate–conju-
gated antibody staining was viewed with filters set for an
excitation of 490 nm and an emission of 525 nm. Pro-
pidium iodide fluorescence was induced with excitation at
536 nm and emission at 620 nm.
Statistical analysis. All data are expressed as mean 
SD. Differences between groups were analyzed for statisti-
cal significance with the Student two-tailed t test for inde-
pendent variables (Statistica software). P .05 was consid-
ered significant.
RESULTS
The effect of -irradiation on vertical migration was
measured by seeding SMCs onto three-dimensional colla-
gen matrix gels 24 hours before -irradiation of the cell-
) on smooth muscle cell vertical migration into collagen
scopy. The data are presented as percentage of cells
3 days. Five random fields per gel on the surface and five
in the gel were counted and averaged. A total of 10 gels
. *P .0001 between number of cells on the surface of
mber of vertical migrating cells in control group vs0 Gy
micro
after
with
 SD
n nu
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growth arrest, at 3 days the total number of cells in the
nonirradiated group was nearly twofold higher than the
total number of cells in the irradiated group (P  .0001; n
 10; Fig 1). However, -irradiation decreased not only
the number of cells present on the surface, but also inhib-
ited vertical SMC migration by 48% and 55% for 10 and 20
Gy, respectively (P .0001; n 10; Fig 1). To rule out the
possibility that SMC proliferation of cells that had already
migrated into the gels accounted for this difference in
vertical migration, cells on the gel surface were removed
mechanically after 24 hours, and cells in the gels were
counted at 3 days. The difference between -radiated and
control groups remained unchanged (data not shown).
There was no significant difference in either total cell
number, number of cells on the surface, or migrating cells
between 10 Gy and 20 Gy.
Changes in cell matrix proteins, such as crosslinking of
collagen, affect cellular vertical migration, and therefore the
effect of -irradiation was investigated in this context.
Collagen gel solutions containing collagen type I/III, 10%
calf serum, and DMEM were irradiated at 10 Gy or 20 Gy
and analyzed with SDS-PAGE. There was no difference
between groups, which suggests that -irradiation did not
induce the formation of crosslinks, characterized by the
generation of high molecular bands and change in band
pattern, in collagen matrices (Fig 2). In addition, nonirra-
diated SMCs migrated through irradiated matrix gels with
similar migration patterns as those of control SMC-matrix
setups (data not shown).
Although -irradiation did not generate protein
crosslinks, it was still possible it could affect growth factors
present in the ECM, thus affecting cellular proliferation. To
test this notion, proliferation of untreated SMCs seeded on
plates coated with EC-derived ECM, which had either been
-irradiated or sham irradiated, was assessed in low serum
conditions. SMCs seeded on noncoated plates served as
negative controls. As expected, the proliferation rate of
SMCs seeded on nonirradiated ECM was increased (258%,
on average; Fig 3), compared with cells seeded on non-
coated plates. Although irradiation of the ECM-covered
plates with 10 Gy did not affect proliferation of cells, 20 Gy
decreased cellular proliferation slightly (15%, on average),
albeit significantly (n  6 per group; P  .0028; Fig 3).
Vertical migration of cells through matrix gels depends
on the production of MMPs. To test the hypothesis that
-irradiation affects MMP production, the concentration
of MMP-1, MMP-2, and MMP-9 was assessed in condi-
tioned media. MMP-1 levels did not differ between un-
treated and irradiated cells (optical density: controls, 0.25
 0.08; 10 Gy, 0.31 0.09; 20 Gy, 0.32 0.10; 0.5% calf
serum alone, 0.14  0.06; n  10), as tested with ELISA.
Likewise, MMP-1 activity, as determined with a fluorescent
collagenase activity assay, remained unaffected by -irradi-
ation of SMCs (fluorescence arbitrary units; controls, 4372
 472; 10 Gy, 4579 770; 20 Gy, 4369 548; 0.5% calf
serum alone, 1828  419; n  10). Levels of gelatinases,
MMP-2 and MMP-9, did not differ between untreated andirradiated cells (integrated density value; controls, 86,400
 785; 10 Gy, 83,025  1093; 20 Gy, 85,236  1253;
0.5% calf serum alone, 42,942  892; data from three
independent experiments).
To test the premise that -irradiation does not alter the
production of other key proteins involved in the process of
intimal hyperplasia, collagen production was measured 1
and 7 days after irradiation. As with MMPs, -irradiation
did not affect the synthesis of collagen (Fig 4). While the
relative amount of collagen decreased 1 week after -
irradiation, it remained comparable between control and
irradiated cells.
In response to -irradiation, SMCs exhibited a decrease
in migration into three-dimensional collagen gel matrices.
This was not due to protein crosslinking or changes in
MMP production. Alternatively, -irradiation could induce
SMC phenotypic changes, which could affect their ability
to migrate. After vascular injury or cell culture conditions,
SMCs exhibit a secretory phenotype, but after -irradia-
tion, morphologic changes were noted in the -smooth
muscle actin fiber arrangement in irradiated cells compared
with controls (Fig 5). Therefore, after -irradiation, SMCs
adopted a contractile phenotype characterized by increased
-smooth muscle actin immunostaining accompanied by
morphologic changes that did not appear dose-dependent
between 10 and 20 Gy.
DISCUSSION
Endovascular -radiation therapy has emerged as an
adjuvant approach to inhibit recurrent stenosis, but its
long-term efficacy has recently been questioned.15,16 Issues
have been raised as to whether radiation therapy prevents
recurrent stenosis or simply delays its onset and whether
very low-dose radiation therapy in fact promotes the rest-
enotic response.15 To address these and other relevant
issues, in vitro studies are needed to define the ability of
-irradiation to impinge on the processes involved in the
restenotic response. One such process is cellular migration
through the vessel wall into the lumen, an early event in the
vascular injury response, with a critical role in the formation
and progression of vascular recurrent stenosis.20 The thrust
of this investigation was to establish whether -irradiation
inhibits cellular migration and matrix production. While
myofibroblasts are important in the vascular wound healing
response, they are not morphologically and functionally
well-defined.21 Therefore SMCs, which take on a secretory
phenotype in vitro similar to injured SMCs in vivo and are
crucial in the development of neointimal thickening, were
used in this study.2,22 Understanding that some cellular
responses may be species-specific, bovine aortic SMCs were
used, because these cells have been extensively studied for
intimal hyperplasia.23,24
To study vertical cell migration, a matrix gel of collagen
type I was selected, because it is one of the major connective
tissue components of the arterial wall and surrounds SMCs,
forming a lattice network within the media.19 This is the
first report to show that -irradiation inhibits invasive mi-
gration of vascular SMCs into a collagen matrix. Similarly,
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of SMCs through polycarbonate membranes.25 In this
study, no dose response was observed with -irradiation,
possibly because the dosage investigated was above the
threshold. In a previous report, dose-dependent temporary
cell growth arrest was observed with doses between 2 and 8
Gy, lower than those used in the present study.14 This
study did not investigate the effect of low-level -irradia-
tion, because the purpose of the study was to evaluate the
effects of clinically relevant doses.
This inhibitory effect on vertical cellular migration may
be a result of -irradiation effect on the SMCs or the matrix
itself. Photodynamic therapy–generated reactive species
can induce protein crosslinking and thus sterically inhibit
invasive migration of cells.19 Therefore the question of
whether -irradiation–induced radicals could also inhibit
migration via generation of ECM protein crosslinks was
Fig 2. Representative SDS-PAGE assay shows the effect of -
irradiation on protein crosslinking. Twenty L of a collagen type
I/III solution containing 10% calf serum and DMEM was either
sham-irradiated (control) or irradiated at 10 Gy or 20 Gy and
subjected to electrophoresis with a 5% SDS-PAGE assay under
denaturing conditions. Three independent experiments were per-
formed.investigated. A previous report showed that irradiation with
gamma particle emitters caused a reduction in the strength
and shrinkage temperature of collagen and also caused
destruction of the fibrillar structure at the x-ray and elec-
tron microscopic levels.26 In this study, no changes in the
size or band distribution was found between control and
-irradiated collagen matrix solutions, supporting the no-
tion that clinical doses of -radiation do not generate any
collagen matrix intermolecular crosslinks. Although no
changes were noted in structural matrix proteins, -irradi-
ation of ECM-associated molecules with 20 Gy decreased
the proliferation of nonirradiated SMCs. This matrix effect
is relevant because -irradiated growth-arrested SMCs are
still metabolically active and able to respond to growth
factor stimulation.11 ECM proteins, such as collagen, lami-
nin, and fibronectin, and factors deposited by adhering
Fig 3. Bar graph shows smooth muscle cell proliferation on -ir-
radiated endothelial cell–derived extracellular matrix (ECM)–
coated plates. Proliferation of smooth muscle cells was measured
with (3H)-thymidine incorporation 24 hours after seeding onto
uncoated plates (control), ECM-coated plates (ECM), ECM-
coated plates irradiated with 10 Gy (ECM 10 Gy) or 20 Gy (ECM
20 Gy). Values are expressed as mean counts per minute  SD.
*P  .028 between ECM and ECM 20 Gy; n  6 for all groups.
Fig 4. Bar graph depicts the effect of -irradiation (10, 20 Gy) on
smooth muscle cell collagen synthesis in 10% calf serum as mea-
sured with (3H)-proline incorporation for 24 hours and corrected
for cell number. Data are expressed as mean counts per minute 
SD. Collagen production was measured after 24 hours and 1 week.
*P  .05, 1 week versus 24 hours; n  10 for all groups.
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regulate the phenotype of SMCs.27,28 These findings im-
plicate that -irradiation can affect the functional activity of
ECM-associated proliferative factors.
Another explanation for the reduced migration would
be that -irradiation affects cellular MMP production.
When activated, SMCs produce MMPs, a family of zinc-
dependent proteinases that break down various ECM pro-
teins, enabling cellular migration. MMPs are facilitators in
the development of intimal hyperplasia.29 In this study, -
irradiation did not significantly affect the release or func-
tional activity of MMP-1, MMP-2, and MMP-9. However,
while important, these are not the only MMPs involved in
collagen type I degradation, which includes MMP-13 and
membrane type 1-MMP.30,31
In theory, -irradiation could modulate the production
of other proteins relevant to the restenotic process. There-
fore synthesis of collagen after -irradiation was investigat-
ed.23 The present data demonstrate that -irradiation does
not alter SMC synthesis of collagen. Similarly, increased
elastin synthesis has been observed in cells after -irradia-
tion.32 These data indicate that, although cells may be
growth arrested, they still have the capacity to produce
ECM proteins implicated in the restenotic process.
Normal SMCs in culture express a secretory phenotype,
similar to injured SMCs involved in intimal hyperplasia. In
response to -irradiation, SMCs show a decrease in cellular
migration that is not the result of changes in MMP produc-
tion or ECM changes such as protein crosslinking. Irradi-
Fig 5. Representative confocal microscopy illustrates t
muscle cells, 1  105, were plated onto multichamber
cultured for 72 hours, when they were fixed and staine
muscle actin antibody and counterstained with propid
phenotype in culture. B, Irradiated (10 Gy) smooth mu
changes consistent with a contractile phenotype. Threeation with beta particle emitters induces the appearance of
a contractile phenotype in SMCs in culture.25 As noted in
this study, -irradiation triggered a similar change in phe-
notype. This reversion to the contractile phenotype may be
a major underlying reason for the decrease in SMC migra-
tory infiltration observed in this study. The secretory phe-
notype is considered an embryonic stage in SMC develop-
ment, and is associated with the ability of SMCs to
migrate.33 It could be hypothesized that SMCs revert from
a normal contractile to a secretory phenotype during the
repair process after vascular injury. This gives them a higher
propensity to migrate into the luminal space of the vessel,
deposit ECM, and contribute to the development of inti-
mal hyperplasia.
In conclusion, our data suggest that -irradiation has
differential effects on the neointimal response. On the one
hand, short-term clinically significant -irradiation doses
(10 and 20 Gy) do not affect the capacity of cells to produce
collagen and do not generate ECM protein crosslinks.
Conversely, -irradiation can counteract the development
of intimal hyperplasia by inhibiting the migration of irradi-
ated cells and enhance the transformation of SMCs to a
contractile phenotype, inhibiting the proliferative effect of
ECM-associated factors.
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